The life spans of individual Saccharomyces cerevisiae cells were determined microscopically by counting the number of buds produced by each cell to provide a measure of the number of cell generations (age) before death. As the cells aged, their generation times increased five-to sixfold. The generation times of daughter cells were virtually identical to those of their mothers throughout the life spans of the mothers. However, within two to three cell divisions after the daughters were detached from their mothers by micromanipulation, their generation times reverted to that characteristic of their own age. Recovery from the mother cell effect was also observed when the daughters were left attached to their mothers. The results suggest that senescence, as manifested by the increase in generation time, is a phenotypically dominant feature in yeast cells and that it is determined by a diffusible cytoplasmic factor(s) that undergoes turnover. This factor(s) appeared to be transmitted by a cell not only to its daughter, but also indirectly to its granddaughter. In separate studies, it was determined that the induced deposition of chitin, the major component of the bud scar, in the yeast cell wall had no appreciable effect on life span. We raise the possibility that the cytoplasmic factor(s) that appears to mediate the "senescent phenotype" is a major determinant of yeast life span. This factor(s) may be the product of age-specific gene expression.
The life spans of individual Saccharomyces cerevisiae cells were determined microscopically by counting the number of buds produced by each cell to provide a measure of the number of cell generations (age) before death. As the cells aged, their generation times increased five-to sixfold. The generation times of daughter cells were virtually identical to those of their mothers throughout the life spans of the mothers. However, within two to three cell divisions after the daughters were detached from their mothers by micromanipulation, their generation times reverted to that characteristic of their own age. Recovery from the mother cell effect was also observed when the daughters were left attached to their mothers. The results suggest that senescence, as manifested by the increase in generation time, is a phenotypically dominant feature in yeast cells and that it is determined by a diffusible cytoplasmic factor(s) that undergoes turnover. This factor(s) appeared to be transmitted by a cell not only to its daughter, but also indirectly to its granddaughter. In separate studies, it was determined that the induced deposition of chitin, the major component of the bud scar, in the yeast cell wall had no appreciable effect on life span. We raise the possibility that the cytoplasmic factor(s) that appears to mediate the "senescent phenotype" is a major determinant of yeast life span. This factor(s) may be the product of age-specific gene expression.
The budding yeast Saccharomyces cerevisiae possesses a limited life span (6) . Yeast cells produce a finite number of daughters during their life spans, which are elaborated on the surface of mother cells as buds. The number of buds produced by the mother, one during each cell division cycle, is the metric of the life span. Chronological age does not play a role (9) . Yeast aging can be described by the Gompertz equation (15) . Morphological and physiological changes accompany the aging process. These include an increase in cell size (6) , an increase in generation time one to three divisions before cell death (6) , and a decrease in the ability to mate (8) . Individual cells display a wide range of life spans. The mean and the maximum life spans for a given yeast strain are characteristic for that strain, but they vary from one strain to another (4, (6) (7) (8) (9) . As yeast cells age, they accumulate bud scars on their surface due to bud abscission. These bud scars are the product of the deposition of the polysaccharide chitin in the cell wall. It has been suggested that the accumulation of bud scars on the yeast cell surface may result in its senescence (4, 6) .
Yeast cells appear to be an excellent experimental system for the study of aging. Besides ease of cultivation, yeast cells possess the advantage that they are well suited to genetic manipulation, both classical and molecular (19) . In addition, life span studies can be readily carried out on individual cells and pedigrees can be constructed, due to the asymmetric mode of cell division. However, nothing is known about the molecular determinants of life span in yeasts. Before attempting a genetic and molecular dissection of the aging process, it is important to examine the nature of the determinants of life span in these organisms.
In (10) .
At night, the cells were kept at 5°C to slow growth. As shown previously, this treatment has no effect on the life span of S. cerevisiae (9) (15) . The mean life span for S. cerevisiae X2180-1A, which was used in most of the experiments described in this paper, was 24 ± 9 (standard deviation) generations, and 50% survival was also 24 generations. The maximum life span was 39 generations. These parameters were established in life span determinations on 43 cells. For all of the strains we have examined, the mean life spans correlated with the maximum life spans (data not shown).
Yeast cells undergo a series of changes as they age. Among these changes was an increase in the generation time. To quantify this effect, the generation times of mother cells were recorded during the course of their life spans. At various corresponding points in the life spans of these mother cells, the generation times of their daughters were determined. The results of this experiment (Fig. 1A) clearly show that generation time increased with age, especially after 18 to 20 generations. Furthermore, the daughter cells displayed a very similar pattern of increase in generation time. For older mother cells, this resulted in growth of the daughter well beyond the usual size observed for young cells prior to budding (data not shown). Most important, the generation time of the daughters decreased dramatically (from 80 to 190 min) to a value characteristic of young cells (60 min), after they completed two to three cell cycles, a period of "recovery." In the case of the 26-generation-old mother cells, this recovery may not have been complete (to 80 min) after three cell cycles.
That a period of recovery was required is evidenced by the time course of recovery of daughter cells (Fig. 1B) . Daughters detached from 24-generation-old mother cells required three cell divisions to resume dividing at the same rate as the daughters separated from 2-generation-old mother cells. Furthermore, this recovery occurred even when the daughter cells remained attached to their mothers. In the latter case, it was not possible to examine recovery beyond three divisions, because of the difficulty in distinguishing the original daughter from the other cells which now formed a microcolony. These results indicate the presence of a factor(s) elaborated by aging mother cells that can pass from these cells to their daughters. That daughter cells recover even when left attached to their mothers suggests that the factor(s) is cytoplasmic rather than extracellular.
The question arises whether the age-specific factor(s) postulated above can be transmitted through consecutive cell generations. This was examined by recording the generation times of the daughters, granddaughters (the daughters of the daughters), and great-granddaughters produced by individual mother cells of various ages (Fig. 2) . As expected, the generation time of the mother cell increased with age.
Immediately after separation at maturity by micromanipulation, the daughters and granddaughters displayed generation times similar to those of the mothers. However, the greatgranddaughters showed a considerably shorter generation time, characteristic of young cells, regardless of the age of the mothers from which they were derived. The generation time of the great-granddaughters derived from the 36-generation-old mother cells was somewhat longer (about 75 min) than that found for those derived from the younger mothers (about 60 min). This observation is consistent with the earlier daughter recovery patterns (Fig. 1) . In this experiment, the generation times of the mother cells were generally shorter than those observed for the mnother cells in the experiment described in Fig. 1A, for . At various points in their life spans, the generation times of their daughters were also determined. First, the generation time for a daughter was measured during its first cell division, while the daughter remained attached to the mother cell (A). Then, it was recorded after the daughter had been separated from the mother and allowed to recover for two to three generations (0). The maximum life spans of the mother cells used in this experiment were in the range of 27 to 30 generations. The differences in the mean generation times between mother cells and daughters that remained attached were not significant at 18 and 26 generations. However, they were significant for the daughters after separation and recovery. At 18 generations, the significance level was P < 0.005, while at 26 generations it was P < 0.025. of an individual cell, the later in that life span the lengthening of the generation time began (data not shown). The results indicate that the factor produced by old mother cells was transmitted through at least two subsequent generations to progeny cells, but that it was ultimately subject to depletion (dilution or degradation or both).
In these studies, the pattern of a moderate increase in generation time between the ages of 10 and 20 generations was always followed by a sharper increase after generation 20. It should be noted that in all experiments only generations up to the two preceding cell death were considered. During the last two cell divisions, generation times as long as 360 min were not uncommon. In yeast strains with different life spans, the senescent phenotype, evidenced by the lengthening of the generation time, appeared at different ages: the longer the life span of a particular strain, the later this lengthening occurred (data not shown). This suggests that aging in this organism possesses a genetic component.
Cell wall chitin and aging. When yeast cells bud, the mother cell is permanently marked by the deposition of chitin in the cell wall in the form of a ring structure known as the bud scar (2) . It has been proposed that accumulation of bud scars on the surface of a mother cell may lead to a decrease in the ratio of active surface to volume, which could eventually result in cell death (4, 6 (16) and does not accumulate chitin. CDC7 is required for traversal of the G1/S boundary, while CDC24 is required for budding (16) .
The time course of chitin accumulation, at nonpermissive temperature, was examined in the two mutants (Fig. 3A) . First, it is obvious that the amount of total chitin was much higher (fivefold) in cdc24 than in cdc7, even prior to exposure to the restrictive temperature. Second, cdc24 showed a dramatic increase in chitin at nonpermissive temperature. The amount of chitin nearly doubled in 2 h. At this time, there was no detectable increase in chitin in cdc7. After 2 h at restrictive temperature, the amount of chitin present in the cdc24 cell wall was about 10-fold higher than in cdc7. This corresponds to an increase in chitin equivalent to about five bud scars (Fig. 3B) . It should be noted that fluorescence is given in arbitrary units due to the nature of fluorescence measurements. All determinations shown in Fig. 3 (Fig. 4A) . The normally accumulate in a cell during five generations (Fig.  3) , which is equivalent to about 40% of the mean life span, Diminution of mother celeffect in successive hadra no efeto uvvli d2 Fg A.Ee eration times were recorded for mother cells (0) and their had no effect on survival in cdc24 (Fig. 4A) . Even a (A), granddaughters (0) (daughters of the daughters), and relatively small difference in life span can readily be detected ddaughters (A) immediately after separation at maturity after exposure of cdc7 to nonpermissive temperature. nanipulation, without any period of recovery. The maxi-
The initial viability of cdc7 cells was similar (75 to 80%) to spans of the mother cells were in the range of 18 to 40 that of cdc24 cells. The low initial viability of cdc mutant s. For 24-, 30-, and 36-generation-old mother cells, the cells, as compared with wild-type cells for which it is close to s in generation times between mothers and daughters were 100%, was apparently due to the cell cycle defect as such, cant. The same was the case for the differences between rather than to accumulation of chitin in a substantial fraction ;hters and their 24-and 30-generation-old mothers. Howof the initial cell population. Even in cdc24 cell populations, 36-generation-old mothers, the differences in generation cells displaying random chitin accumulation at permissive veen mothers and granddaughters and mothers and greattepruewreae,ndolamdrteicasws ;hters were significant at levels of P < 0.05 and P < 0.01, temperature were rare, and only a moderate increase was rly.
' observed in older cells in culture (data not shown). In summary, although the amount of chitin doubled in cdc24 cells after 2 h at nonpermissive temperature, there was no should shorten the life span. A 2-h exposure to the appreciable change in the life span. These results do not issive temperature was chosen to maintain an initial support the notion that chitin deposition in the cell wall per ility (75 to 80%) comparable to that of cells mainse plays the sole or even a major role in the determination of permissive temperature, and the life span of both yeast life span. They also lend further support to the The mean life span of cdc24 cells exposed to 36°C did not differ significantly from that of those that were unexposed. In contrast, this difference for cdc7 cells was significant at the P < 0.01 level. In terms of maximum life span, no significant differences were found between cells exposed to 36°C incubation and unexposed cells for both strains.
conclusion that accumulation of bud scars is not the determinant of life span.
DISCUSSION
The results presented here indicate the presence of a factor(s) elaborated by aging mother cells that can pass from these cells to their daughters ( Fig. 1 and 2 ). This putative factor(s) exerted at least two effects on these daughters. First, it appeared to lengthen the generation time, while allowing the cell to continue to grow in size. This effect is reminiscent of arrest subsequent to the point at which the nutritional block operates in the G1 phase of the cell cycle (16) . Second, it appeared to synchronize the cell cycle of the daughter cell with that of the mother at least in terms of the point at which the cell buds. This point is temporally associated with traversal of the GQ/S boundary under normal conditions (16) . Whether or not the two effects listed are related to each other is not clear at present. The postulated factor(s) appeared to be labile, and it seemed to undergo turnover, at least in young cells ( Fig. 1 and 2 ). No reversal of the effect of the factor(s) was observed in mother cells ( Fig.  1 and 2) , suggesting that the mothers continuously generate this material or cannot degrade it, while the daughters only respond to it. The factor(s) was transmitted via the cytoplasm rather than extracellularly (Fig. 1B) , and this transmission occurred from a cell to its progeny through at least two generations but was ultimately depleted (Fig. 2) . The results suggest that continued attachment of the daughter to the mother cell is not required to elicit these effects (Fig. 1) . They also suggest that attachment as such is not their cause (Fig. 2) . Inasmuch as the length of the generation time can be viewed as a marker for progress through the life span, the elaboration of this factor(s) and its effects may be associated with aging. Finally, the results suggest that senescence, as manifested by lengthened generation time, is a phenotypically dominant feature in yeast cells.
In addition to an increase in generation time, yeast cells are marked as they progress through the life span by a chitinous bud scar at each generation. It has been suggested that it is the accumulation of these scars on the cell surface that determines life span (6) . Yeast cells rarely exhaust even one-half of the 100 or so sites available for bud scars on their surface (1) . The observation that old yeast cells are not "rescued by hybridization" with young cells, even though the bud scars occupy only a fraction of the surface area after hybridization (8) , argues that accumulation of bud scars is not the cause of death in S. cerevisiae cells. It does not seem that the acquisition of bud scars affects the life span by altering active surface/volume ratio in the cell (7) . The lack of effect on life span (Fig. 4) of the induced deposition of chitin (Fig. 3) throughout the life span (7) . Limited life span in this organism does not appear to involve an error catastrophe (13) either, because daughter cells recover from the manifestations of the senescent phenotype ( Fig. 1 and 2 ) and lead a normal life span (4, 7). These facts pose some difficulty for application of damage theories to yeast aging in general. They also indicate that the accumulation of amplified sequences derived from the mitochondrial genome that is associated with senescence in the fungus Podospora anserina (3) is an unlikely candidate for the cause of cellular aging in S. cerevisiae.
The mechanism of action of the cytoplasmic factor(s) indicated by our studies is not clear at present. However, cell fusion studies with mammalian cells indicate that the senescent phenotype is dominant in higher eucaryotes (11) . This dominance may be at least partially explained by the elaboration of a membrane-associated protein that inhibits DNA synthesis (14) . This inhibitory effect can be duplicated by the microinjection of mRNA prepared from senescent cells into proliferating cells (5) . Normal diploid fibroblasts arrest at the G1/S boundary of the cell cycle when they reach the limits of their population doubling capacity (12) . Interestingly, an impairment in the normal mechanisms of cell cycle progression, such as that caused by the cdc7 mutation which leads to arrest at the G1/S boundary, results in reduction of life span (Fig. 4) . The senescent phenotype of yeast cells, as described here, can readily be explained by the activity of one or more products of age-specific gene expression. Identification and characterization of these molecules will be the next step in the analysis of the aging process in S. cerevisiae.
